
NASA TN D-108 

TECHNICAL NOTE 
D-I08 

RELATIONSHIP O F  POLYMER STRUCTURE TO 

THERMAL DXTER;IORATION O F  ADHESIVE 

BONDS IN METAL JOINTS 

Ey 3.  M. Black and R. F. Blomquist 

Forest Products Laboratory 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON August 1959 

( b A S A - I N - D - 1 0 8 )  E E I A I I C E S L l i  CE ECLYI¶ER N 8 9 - 7 C b l 3  
S I I G O C I U R E  T C  1 H k E t A L  C E I L F I C E d l J C B  CE 
B L B E S I V E  ECODS f b  F E T A L  J C l h l E  (Forest 
E I G d U C t S  Laki.) 55 Unclas  

00/27 0 19555 1 



1T 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

W 
1 
1 
4 

n 

RELATIONSHIP OF POLYMER STRUCTURE TO 

THERMAL DETERIORATION OF ADHESIVE 

BONDS IN METAL JOINTS 

By J. M. Black and R. F. Blomquist 

SUMMARY 

Polymer structure of adhesives used to bond aluminum and stainless 
steel was correlated with their resistance to thermal deterioration when 
aged for 100 hours at temperatures up to 600' F. 

The phenol-formaldehyde, polyamide, and butadiene-acrylonitrile 
polymers were the most resistant of the single resins used to bond alwni- 
nun. 
ant to thermal deterioration of the resins used to bond stainless steel. 

The polyamide and butadiene-acrylonitrile polymers were most resist- 

Combinations of phenol resin with epoxy resins, polyamide, or buta- 
diene copolymers; polyamide resins with epoxy resins or diallyl melamine; 
and epoxy resins with ethylacrylate-maleic anhydride copolymer had high 
thermal resistance in bonds on aluminum. In bonds to stainless steel, 
the most thermally stable polymer combinations were phenol resin with 
butadiene-acrylonitrile copolymer, epoxy resin with ethylacrylate-maleic 
anhydride copolymer, and polyamide resins combined with either epoxy 
resins, diallyl melamine, or butadiene copolymer and allyl glycidyl 
ether. 

These results and observations indicated that an unsaturated carbon- 
to-carbon bond in a polymer promoted high resistance to thermal deteriora- 
tion in bonds to stainless steel. Studies of crosslinking epoxy resins 
w i t h  polyarride and of vinyl copolymers with anhydride side groups indi- 
cated that when ester crosslinkages are presumably fomed, thermal 
resistance, particularly in bonds to stainless steel, was much iciproved. 
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INTRODUCTION 

Adhesive bonds to metal when subjected to elevated temperatures may 
undergo chemical deterioration that is irreversible. The course of this 
reaction depends upon the temperature, the kind of metal bonded, and the 
chemical structure of the adhesive and results in a permanent l o s s  in 
strength of the bond. 

In experimental work at this Laboratory for the Aeronautical Research 
Laboratory of the Wright Air Development Center (ref. l), adhesive bonds 
to stainless steel with a phenol-epoxy type adhesive were low in resistance 
to thermal aging, while bonds to aluminum with the same adhesive were high 
in resistance. Some results of work, reference 2, on the relationship of 
metal surfaces to heat-aging properties of adhesive bonds also showed that 
thermal resistance of an adhesive bond was related to the chemical struc- 
ture of the adhesive and of the metal adherent employed in the bond. 
Thus, for example, phenol-resin adhesives and phenol-epoxy adhesives 
showed no significant increases in deterioration for periods up to 
200 hours at 550' F in bonds of aluminum but did show marked increases 
in deterioration in bonds on stainless steel. A straight epoxy-resin 
adhesive also deteriorated rapidly at 330' F in bonds on stainless steel. 
Bonds of a phenol-nitrile rubber adhesive were more resistant to thermal 
deterioration on stainless steel than on aluminum. A silicone adhesive 
was also greater in thermal resistance on stainless steel than on 
aluminum. 

These observations suggest that specific chemical groups of a partic- 
ular resin are more thermally stable than are other groups at elevated 
temperatures in the presence of a given metal and that the type of metal 
surface may have a specific effect on the thermal-aging properties of a 
given chemical group in the adhesive system. 

The work reported here was directed toward further examination of 
the relationship of the chemical structure of the polymers to their ther- 
mal deterioration on metal surfaces at elevated temperatures and to the 
mrrelation of chemical structure with temperature and type of metal as 
a basis for a more fundamental approach to the formulation of a heat- 
resistant adhesive for the bonding of metals, such as stainless steel. 

This investigation was conducted at the Forest Products Laboratory, 
U. S. Department of Agriculture under the sponsorship and with the 
financial assistance of the National Advisory Committee for Aeronautics. 
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MATERIALS TESTED 

Metals 
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Both 2024-T3 clad-aluminum alloy, 0.064 inch thick, and type 
3Ol stainless steel, 1/2 hard and 0.020 inch thick, were bonded with 
each polymer investigated. Test specimens were prepared from these 
materials by bonding two 1- by 3.5-inch coupons into a lap-joint specimen 
with a 0.5-inch overlap. 
to eliminate the problem of bond failure or partial failure during cutting 
of specimens from a bonded panel. 
0.064 inch for aluminum and 0.020 inch for stainless steel, were selected 
to provide a test specimen for both metals that would have similar tensile 
properties. The aluminum, which was approximately three times greater 
in thickness than the steel, had a yield strength that was only about 
one-third of that of stainless steel - 44,000 pounds per square inch for 
aluminum and l25,OOO pounds per square inch for stainless steel. 

Preparation of individual specimens was done 

The thicknesses of the metals, 

Polymers 

A list of the polymers that were used in this experiment is shown 
in table 1. A total of 56 polymers, copolymers, and combinations were 
used as bonding agents for both metals. These polymers are designated 
by code numbers in the text and table 1 for convenience in reference. 
These Iiiaterials were selected because of their desired chemical char- 
acteristics and not because of any known adhesive properties. Most of 
them had not been previously formulated as practical adhesives, and no 
attempts were made in this experiment to develop the most desirable 
adhesive formulations from them or to determine the optimum bonding 
conditions with each resin system. 
to the metal surfaces as solutions, suspensions, or by hot-melt methods, 
whichever method seemed to be best suited for the material. When sol- 
vents were used in the application, they were removed before bonding by 
ovendrying the specimens for 30 minutes at 200' F. The information on 
methods of application, compositions of resin solutions, bonding tem- 
peratures and times, and bonding pressures is presented in table 1. 
Information on percentage compositions of polymers was obtained from 
the manufacturers. 
of curing agents or catalysts in order that the thermal-aging resistance 
of the polymers without modification could be obtained. 
systems were definitely thermoplastic in nature. In all  cases, the 
bonded specimens were removed fromthe press while hot and allowed to 
cool before further handling. 

The resinous materials were applied 

The resinous materials were employed without addition 

Therefore some 



EXPERIMENTAL PROCEDURE 

Preparation of Metal Surfaces f o r  Bonding 

Aluminum surfaces were prepared by wiping with methyl e thy l  ketone 
arid then by immersing the specimens f o r  5 minutes a t  150° F i n  a solut ion 
of 10 grams of concentrated s u l f u r i c  acid, 1 gram of sodium dichromate, 
and 30 grams of water. 
d i s t i l l e d  water, and w a s  then air dried.  

The metal w a s  then r insed i n  cold t ap  w a t e r ,  

Stainless  s t e e l  surfaces were prepared by wiping with methyl ethyl 
ketone and then immersing t h e  specimens f o r  10 minutes at 150' F i n  a 
solut ion of 100 grams of concentrated hydrochloric acid, 4 grams of 
hydrogen peroxide (30 percent),  20 grams of formalin (40 percent),  and 
90 grams of water. 
immersed i n  the solut ion as used f o r  the preparation of t he  aluminum 
surf aces. 

The m e t a l  w a s  r insed with cold t a p  water and then 

These techniques of m e t a l  preparation had been found i n  previous 
work t o  be most su i t ab le  f o r  adhesive bonding of such aluminum and s ta in-  
less s t e e l  surfaces where heat aging w a s  important. 

Exposure and T e s t  Conditions 

Twenty-five individual lap- joint  shear specimens with a 0.5-inch 
overlap were prepared f o r  each adhesive and metal combination. After 
t he  i n i t i a l  bonding, 5 specimens were t e s t e d  at  80' F and the  remainder 
were subjected t o  aging i n  an oven a t  elevated temperatures. Specimens 
were removed from t h e  oven and allowed t o  cool t o  room temperature before 
tests were begun. 
af ter  aging for 100 hours a t  450°, 500°, 550°, and 600' F.  
were l a i d  f l a t  and careful ly  shimmed during heat aging t o  prevent pre- 
mature f a i l u r e  due t o  thermoplastic flow of t h e  adhesive. Since many of 
t he  polymeric materials investigated were known t o  be thermoplastic, the 
s t rength  of bonds a t  the elevated temperatures w a s  not determined. It 
w a s  recognized t h a t  thermoplastic behavior would be unacceptable f o r  
adhesives f o r  high-temperature service.  It might be assumed, however, 
t h a t  i f  a polymer had very promising resis tance t o  thermal deter iorat ion 
and reasonably good adhesion, it could be formulated later with curing 
agents o r  modified by other means t o  reduce t h e  thermoplastic behavior. 
The r e l a t ive  resis tance of the bonds t o  thermal de te r iora t ion  w a s  deter-  
mined from changes noted i n  t h e  shear s t rength a t  80° F after heat 
exposure. 

Five specimens f o r  each condition were then t e s t e d  
Specimens 
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The lap-joint shear specimens were loaded in tension in self-alining 
grip at %lie rzke ef 6SS ;S~J.ZI~S ~ e r  0.5 square inch per minute until the 
adhesive bond failed in shear. 

Temperatures during heat aging were controlled within k3' F in 
special electrically heated ovens. 

DISCUSS ION 

Joint Strength Tests 

The result of all joint strength tests after ag,,ig of the speci- 
mens at the various temperatures for 100 hours are given in table 1. 
The methods of exposing and conditions for testing the various specimens 
are described in the preceding heading entitled "Exposure and Test 
Conditions." 
ent adhesive system is designated by a series number. 

For convenience in reference and discussion, each differ- 

Adhe s ive Systems 

The results for  each adhesive composition are discussed separately 
in the foLlowing sections. 
joint tests f o r  each series are shown in table 1. 

The chemical composition and results of lap- 

Copolymer of methylacrylate and chloroethylvinylether (ser. 11.- 
Probable chemical structure: 

- 
H H  H H  

- c - c  - c - c -  
E l  1 1 1  

I I 
c = o  0 

This copolymer made up of 95 percent of methy,acrylate and 5 percent of 
chloroethylvinylether (C-1) showed evidence of crosslinking with itself 
with longer heating as the joint strength was increased after 100 hours 
of exposure at 450' and 300° F as compared to the waged specimens. 
strength of aluminum joints after aging at 450° and 500' F was signif- 
icantly higher than that for stainless steel, even though the percentages 
of adhesion failure were not consistently higher on stainless steel. 

The 
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The resin i n  about half  of the j o i n t  areas i n  both types of bonds w a s  
deteriorated a f t e r  100 hours a t  500° F without loss  i n  j o i n t  s t rength 
compared t o  r e s u l t s  a t  450° and then was completely deter iorated a f t e r  
exposure at 550' F. This ra ther  abrupt loss  i n  thermal res is tance may 
be d i rec t ly  re la ted  t o  the  chlorine present i n  the  polymer t h a t  could 
be released from the  polymer in  t h i s  temperature range and react  with 
the  metal surface t o  destroy the bond. 
ob served with c ommer c i a l l y  available neoprene -bas e adhe s ive s at these 
temperatures. 
suggest tha t  res is tance t o  deter iorat ion would possibly be improved 
markedly by subs t i tu t ion  of a more s tab le  group f o r  the  chlorine group 

Similar performance has been 

These r e s u l t s  of thermal-aging t e s t s  on the copolymer 

Polyacrylamide ( se r .  2 ) .  - Probable chemical s t ructure:  

The polymer of acrylamide (PAA-1) with amide s ide groups as the  react ive 
group showed no signs of crosslinking at  elevated aging temperatures and 
was very low i n  thermal res is tance.  Jo in t  s t rength w a s  low i n  both alu- 
minum and s t a in l e s s  s t e e l  bonds a f t e r  aging the specimens 100 hours at 
450° F o r  higher, with nearly complete charring i n  the jo in t  areas,  
although i n i t i a l  s t rength w a s  r e l a t ive ly  high, par t icu lar ly  on s t e e l .  
These resu l t s  would indicate t h a t  amide s ide groups i n  a vinyl polymer 
were thermally unstable groups and were readi ly  deter iorated.  

Copolymer of ac ry lon i t r l l e  and acrylamide ( ser .  3 ) .  - Probable 
chemical s t ructure:  

- c - c -  
H I  

c = o  
I n " I  "2 

This copolymer (C-2) which contains both 25 percent of acrylamide and 
75 percent of ac ry lon i t r i l e  w a s  s ign i f icant ly  lower i n  i n i t i a l  strength 
than the polyacrylamide of s e r i e s  2. 
t i o n  w a s  essent ia l ly  zero i n  t h i s  copolymer with complete charring i n  

Resistance t o  thermal deter iora-  



j o i n t  areas, indicating t h a t  n i t r i l e  groups reduced adhesion t o  the 
metal surfaces and did not contribute t o  improved thermal res is tance.  

Copolymer of e thylacrylate  and methacrylamide (ser . 4 ) .  - Probable 
chemical s t ructure:  

W 
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The formulation containing 95 percent of e thylacrylate  and 5 percent of 
rnethacry1ami.de (C-3) provided fur ther  evidence i n  t h i s  group of da ta  
t h a t  amide s ide groups on the polymer were low i n  thermal s t a b i l i t y .  
When compared with the  r e s u l t s  obtained with a s i m i l a r  copolymer i n  
s e r i e s  1 with chloroethylvinylether, the amide group appeared t o  lower 
thermal res is tance and the  tendency toward crosslinkage. 
some indication i n  these tests that the ethylacrylate  component of t he  
copolymer w a s  contributing t o  improved thermal s t a b i l i t y  i n  bonds t o  
aluminum as evidenced by the  r e l a t ive ly  uniform but  low j o i n t  s t rength 
a f t e r  aging at the  d i f fe ren t  temperatures. 

There w a s  a l s o  

Polyethylacrylate (ser. 3) . - Probable chemical s t ructure:  

I 
C2H5 

The results obtained with polyethylacrylate (PEA-1) revealed very l i t t l e  
tendency of t h e  e thy l  ester group t o  crossl ink but  showed a reasonably 
high resis tance t o  thermal deterioration of bonds on aluminum. Bonds 
of s t a i n l e s s  s t e e l  were lower i n  strength with grea te r  percentages of 
areas with charred adhesive at higher aging temperatures. 
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Copolymer of e thylacrylate  and maleic anhydride (ser. 6).- Probable 
chemical s t ruc tu re  : 

H H  H H  
- c - c  - c - c  - 

I 1  I 
I o = c \ / c = c  

H C = O  

0 0 
n 

I 
c2% 

This copolymer ( C - 4 ) ,  formed from 95 percent of e thylacrylate  and 5 per- 
cent of maleic anhydride, showed s i m i l a r  performance i n  bonds t o  aluminum 
and s ta in less  steel .  It w a s  lower i n  thermal res i s tance  i n  bonds on alu- 
minum than the  polyethylacrylate of s e r i e s  5 ,  especial ly  a t  600° F. 

Copolymer of e thylacrylate  and acrolein (ser. 7) . -  Probable chemical 
s t ruc ture  : 

The aldehyde 

r H H  H H 1  

s ide group i n  t h i s  copolymer 
e thylacry la t -  and 2.5 percent acrolein ma: 

(c-5) of 97.5 percent of 
have accounted f o r  some cross- 

l ink ing  of t he  res in ,  s ince  the  j o i n t  s t rength  increased a f t e r  aging of 
t he  specimens a t  450' and 500' F. Thermal de te r iora t ion  of t h e  polymer 
w a s  qui te  apparent after aging at 550' F, and no marked difference was 
apparent from r e s u l t s  on the  2 m e t a l  surfaces. 
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CoFolvmer of ethylacrylate and acrylonitrile ( ser . 8). - Probable 
chemical structure: 

This copolymer ( ~ - 6 ) ,  which consists of 95 percent of ethylacrylate and 
3 percent of acrylonitrile showed very little further crosslinkage as 
aging temperature was increased. The amount of discoloration in the 
bond area was increased significantly at 300' F without appreciable 
change in joint strength. There was, however, a marked l o s s  in strength 
when the specimens were aged at 550° F and 100 percent discoloration 
occurred in the bonded area on both metals. Properties were quite sim- 
ilar to other copolymers high in ethylacrylate. 

Copolymer of ethylacrylate and acrylonitrile (ser. 9) .- The chemical 
The initial strength of copolymer structure is the same as for series 8. 

bonds that consisted of 75 percent of ethylacrylate and 25 percent of 
acrylonitrile (C-7) to both aluminum and stainless steel were significantly 
higher than that of the 95:5 copolymer of series 8, showing the good 
crosslinking potential of the acrylonitrile component of the polymer. 
Bonds on both metals were deteriorated to a marked degree after 100 hours 
at 500° F with results considerably lower on aluminum at 600° F than in 
series 8, indicating that the increased acrylonitrile probably contributed 
to lower thermal resistance. 

Copolymer of ethylacrylate and acrylonitrile ( ser. 10). - The chemical 
structure is the same as for series 8. 
copolymer ( C-8) of 50 percent ethylacrylate and 50 percent acrylonitrile 
on aluminum and particularly on stainless steel was exceptionally high, 
indicating a greater degree of crosslinkage than was obtained with either 
the 95:5 or 75:2> copolymers of series 8 and 9. 
deterioration was low at 470' F, showing that the increased acrylonitrile 
content resulted in lower resistance to thermal deterioration as was also 
observed in bonds made with the 75:25 copolymer in series 9. 

The initial strength of this 

Resistance to thermal 

Copolymer of ethylacrylate and acrylonitrile (ser. 11).- The chemical 
structure is the same as for series 8. 
(C-9) that consisted of 15 percent of ethylacrylate and 85 percent of 

The initial strength of copolymer 
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ac ry lon i t r i l e  w a s  much lower than t h a t  of t he  bonds made with 50:50 copoly- 
mer of s e r i e s  10, pa r t i cu la r ly  on aluminum. 

ac ry lon i t r i l e  groups reduced thermal-aging resis tance.  

These bonds had no res i s tance  
t o  aging at 430’ F on e i t h e r  m e t a l .  Further evidence thus w a s  shown t h a t  T 

Polyacryloni t r i le  (ser. 12).- Probable chemical s t ruc ture :  

n [-“-I CN 

Polyacryloni t r i le  (PAN-1) showed no adhesion t o  e i t h e r  aluminum or s ta in-  
less s tee l .  

Copolymer of a c r y l o n i t r i l e  and butadiene ( ser. 13). - Probable chemical 
s t ructure  : 

This copolymer (C-10) of 35 percent of a c r y l o n i t r i l e  with 65 percent of 
butadiene (buna-N rubber) exhibited a s ign i f i can t ly  higher res is tance t o  
thermal deter iorat ion a t  530° F than any other copolymers of ac ry lon i t r i l e  
with ei ther  e thylacrylate  of s e r i e s  8 t o  12 or acrylamide of s e r i e s  3. 
A s igni f icant  degree of crosslinkage a l so  occurred i n  t h i s  copolymer as 
j o i n t  strength was increased over t he  s t rength obtained after the  i n i t i a l  
cure by aging a t  500’ and 550’ F. This crosslinkage very l i k e l y  occurred 
through the unsaturated groups i n  the  butadiene. The high res i s tance  t o  
thermal deter iorat ion i n  bonds t o  s t a i n l e s s  s t e e l  a l so  suggests t h a t  t he  
reac t ive  unsaturated group i n  butadiene may e i t h e r  r e s i s t  the  c a t a l y t i c  
influences of the  s t e e l  or reac t  with some of t he  metal ions i n  t h e  steel  
t o  reduce their  adverse c a t a l y t i c  e f f e c t s  through t h e  formation of a 
s t a b l e  metallo-organic complex. 

Copolymer of a c r y l o n i t r i l e  and butadiene (ser. 1 4 ) .  - The chemical 
s t ruc ture  is the  same as fo r  s e r i e s  13. 
of ac ry lon i t r i l e  and 75 percent butadiene ( C - l l ) ,  with a s l i g h t l y  grea te r  
amount ofbutad iene  than the  one described i n  s e r i e s  13, showed even a 
g rea t e r  degree of crosslinkage and resis tance t o  de te r iora t ion  on long 
heat  aging than did the  r e s ins  i n  se r i e s  13. 
s t a i n l e s s  s t e e l  bonds i n  series 14  w a s  over TOO pounds per  square inch 
after aging t h e  specimens f o r  100 hours at  6000 F, and bonds t o  steel  

This copolymer of 23 percent 

The shear s t rength of 
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were generally superior i n  strength a t  a l l  temperatures t o  bonds t o  
aluminum. 
s tab le  l i nk  between the unsaturated group i n  the  butadiene component of 
the polymer and the  metal components of s t a i n l e s s  s t e e l .  

These data .were fur ther  evidence ul" t~ possibly strsz-ig t h e m l l y  

Polyvinyl alcohol ( s e r .  15).- Probable chemical s t ructure:  

n 
OH 

This polyvinyl alcohol polymer (PVA-1) showed v e q  l i t t l e  i n i t i a l  s t rength  
and no resis tance t o  aging a t  temperatures of 450 F and above. 

Phenol-formaldehyde r e s in  (ser .  16). - Probable chemical s t ruc ture  : 

H 
0 

I 
H C H  

I 
OH 

n 

This phenol-formaldehyde r e s in  (P- l ) ,  reported t o  be a 1-step r e so l  type, 
had excellent res is tance t o  thermal de te r iora t ion  on aluminum at a l l  con- 
d i t i ons  including 100 hollrs of wing at 600' F. 
with t h i s  phenol r e s in  demonstrate the high thermal s t a b i l i t y  t h a t  can 
be a t ta ined  with aromatic structures such as are present i n  the  phenol- 
formaldehyde condensation products. For purposes of comparison, t h e  
j o i n t  s t rength obtained with the  phenol r e s i n  on aluminum bonds after 
aging a t  600° F w a s  among the highest obtained i n  t h i s  invest igat ion 
and w a s  comparable t o  several  other polymers which a l so  had high r e s i s t -  
ance t o  thermal aging. 
s e r i e s  22; polyamide PA-2, s e r i e s  23; adhesive FPL-878; a conibination 
of phenol and epoxy resins ,  se r ies  39; a c o d i n a t i o n  of polyamide PA-1 
and a l l y l  glycidyl ether,  s e r i e s  49; and an adhesive composed of poly- 
amide PA-1, d i a l l y l  melamine and paraform, s e r i e s  51. 

The results obtained 

These other polymers were polyamide PA-1, 

The resis tance of t h i s  phenol r e s i n  t o  thermal de te r iora t ion  i n  
bonds of s t a in l e s s  s t ee l ,  however, w a s  extremely low. Deterioration of 
the adhesive w a s  apparect frm the reduction i n  jo in t  s t rength and the  
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1 presence of discolorations in the bond areas after aging at temperatures 
as low as 450' F. Complete deterioration was noted when bonds were aged 

quite conclusively to an adverse catalytic effect of the steel on the 
at 550° F. These results on bonds to stainless steel and aluminum pointed -. 

thermal stability of the phenol-formaldehyde resin. 

Idelmine-forrzaldehyde-resin (ser. l7).- Probable 

H 
H N - C  - 0 -  

H 

A 
N 
I "  

- 0 - C - N - C  C - N - C - 0 -  
H H 

chemical structure: 

n 

This melamine-formaldehyde resin (M-1) had moderate initial joint strength 
on aluminum and low strength on stainless steel. 
extremely brittle even after initial curing at 320' F and became more 
brittle with aging at elevated temperatures. Although the joint strength 
values were low for the aged adhesives, particularly on steel, thermal 
deterioration of the adhesive as indicated by pronounced discoloration 
in bonds did not occur until bonds were aged for 100 hours at 550° F. 

The adhesive was 

Epoxy resins.- Probable chemical structure: 

H H H  

H 

PH3 
0 - C - C - C - O O C  (3- 0 - C - \QH 

H I H  I 
OH CH3 n CH3 

The epoxy resins E-l( ser. 18), E-2( ser. lg), and E-3( ser. 20) employed 
were reported to be condensation products of bisphenol A (2,2-diphenylol 
propane) with epichlorohydrin and varied in molecular weight and epoxide 
equivalent (ref. 3). 
the value of n is approximately 0 for E-1 resin, 2 for E-2 resin, and 
9 for E-3 resin. The resins were used as adhesives without the addi- 
tion of curing agents. Further condensation or polymerization of the 

In the above structural formula for epoxy resins 



res ins  w a s  obtained by curing t h e  bonds i n i t i a l l y  f o r  16 hours at  450' F. 
The res1~Ct.a nf t h i s  s e r i e s  of tes ts  on aluminum and s t a i n l e s s  s t e e l  bonds 
made with these r e s ins  are presented graphically i n  f igures  1 ana 2. 
The j o i n t  s t rength  a t  room temperature before aging w a s  always higher 
i n  bonds on aluminum than i n  bonds on s t a i n l e s s  steel .  A higher l e v e l  
of s t rength,  however, w a s  noted f o r  res ins  E-1  and E-3 i n  bonds t o  s t a in -  
less s t e e l  than i n  bonds t o  aluminum, after they were aged f o r  100 hours 
at 450' F. 
s t e e l  were lower i n  s t rength  i n  all cases than bonds t o  aluminum. The 
aluminum bonds showed t h e i r  g rea tes t  losses  of s t rength  when aged at  
550' F and w e r e  almost completely deteriorated after 100 hours at  600' F 
as were the  bonds on s t a i n l e s s  s t e e l .  In  these t e s t s  of epoxy res ins ,  
the lowest bond s t rength  both i n i t i a l l y  and after heat aging w a s  obtained 
with r e s i n  E-1 which has the  lowest molecular weight and lowest hydroxyl 
equivalency but  contains the  highest  epoxy equivalency of t he  epoxy res ins  
included i n  t h i s  work. The high epoxy content of t h e  r e s i n  could con- 
ceivably r e s u l t  i n  a high degree of crosslinkage between epoxy groups 
during heating and r e s u l t  i n  an increase i n  embrittlement of t he  r e s i n  
and lower j o i n t  s t rength.  The epoxy res ins  E-2 and E-3, on t h e  other 
hand, have appreciably lower epoxy equivalent contents than t h e  E - 1  res in  
and higher hydroxy contents. Such compositions could produce both polymer 
chain extensions through react ions of t he  terminal epoxy groups and cross- 
l inking react ions between the epoxy groups and the  hydroxy groups. 
react ions could account f o r  the higher j o i n t  s t rength  obtained w i t h  t h e  
E-2 and E-3  epoxy res ins  than was obtained with the  E-1  r e s in .  

A f t e r  aging a t  300' F, the epoxy r e s i n  bonds t o  s t a i n l e s s  

These 

H H H  

The very similar behavior of the 3 r e s ins  i n  res i s tance  t o  aging 
a t  elevated temperatures, as evidenced by t h e  marked losses  i n  s t rength  
a f t e r  100 hours a t  500' F i n  bonds t o  s t a i n l e s s  steel  and after 100 hours 
a t  550° F i n  bonds t o  aluminum, suggests t h a t  some chemical bond inherent 
i n  several  epoxy res ins  investigated i s  thermally unstable a t  these t e m -  
peratures  and r e s u l t s  i n  deter iorat ion of t he  polymer. 

H H H  

E p o q  r e s i n  from tetrahydroxy-phenylethane (ser . 21).  - Probable 
chemical formula: 

This epoxy r e s i n  E-4 w a s  reported t o  be made from 1,l-2,2- t e t r a k i s  
(4'-hydroxy phenyl)-ethane and epichlorohydrin. This r e s in  d i f f e r s  



from the E-1, E-2, and E-3 res ins  in  t h a t  the monomer uni t  could contain 
4 reactive epoxy groups and be capable of a high degree of crosslinkage. 
The other primary difference i n  the res ins  w a s  t h a t  E-4 w a s  a t e t r a -  
subst i tuted ethane der ivat ive and the bisphenol res ins  were d isubs t i tu ted  
propane der ivat ives .  The r e s u l t s  of bonding with E-4 showed the  j o i n t  
strength w a s  low on both aluminum and s t a in l e s s  steel, indicating t h a t  
the resin was probably extremely b r i t t l e .  
the E-4 res in  was more r e s i s t an t  t o  aging a t  550' and 600° F i n  bonds t o  
aluminum than e i the r  of the  bisphenol res ins .  
the tetra-ethane group w a s  more s tab le  than the  disubst i tuted propane 
group. The thermal res is tance of s t a in l e s s  s t e e l  bonds, however, w a s  
not improved w i t h  E-4 r e s in  and deter iorat ion occurred at  about the  same 
temperature as the bonds made with bisphenol-A type of epoxy res ins .  
The accelerated deter iorat ion of the epoxy r e s in  bonds by s t a in l e s s  s t e e l  
presumably occurred then i n  some chemical s t ruc ture  that w a s  common t o  
both types of epoxy res ins .  

The r e s u l t s  a lso showed that 

T h i s  would indicate  that 

Polyamide resins .  - Probable chemical s t ruc ture  : 

n 

0 

OH 

These polyamide resins  PA-l( se r .  22), PA-2( ser .  23), and PA-3( ser .  24), 
all showed excellent res is tance t o  thermal de te r iora t ion  on both metals. 
The resin PA-3 had low strength a f t e r  aging at  600° F. The actual  chem- 
i c a l  structure of these polymers w a s  not known; however, they were a l l  
of the alcohol-soluble type. The r e s u l t s  of t he  t e s t s  show conclusively, 
however, that the polyamide s t ructures  have high resis tance t o  thermal 
degradation and indicate t h a t  N-substituted amide groups i n  an a l ipha t i c  
chain contribute t o  increased thermal res is tance but f r e e  amide groups 
as side groups t o  an a l ipha t i c  chain such as i n  polyacrylamide, s e r i e s  2, 
produce a s t ructure  t h a t  i s  exceedingly low i n  thermal res is tance.  
r e su l t s  also suggest the need f o r  fur ther  research of the  polyamide 
res ins  t o  es tab l i sh  closer correlat ion between chemical s t ruc ture  and 
thermal behavior. 

The 

Mixture of phenol-formaldehyde r e s in  and polyacrylamide (ser. 25).- 
T h i s  mixture of phenol-formaldehyde r e s in  and polyacrylamide w a s  formu- 
l a t ed  t o  provide approximately 2 hydroxyl groups from the  phenol res in ,  
P-1, for each amino group of the polyacrylamide (PAA-1). 
which was not compatible w a s  considerably lower i n  j o i n t  s t rength a f t e r  
heating than the phenol r e s in  alone i n  se r i e s  16. 
properties of  the  mixture were more l i k e  those obtained with the poly- 
acrylamide of se r i e s  2 t h a t  showed a high percentage of char a f t e r  
100 hours a t  450° F. 

The mixture 

The thermal res is tance 

W 
1 
1 
4 



n 

blixture of phenol-formaldehyde and acrylonitrile-acrylaide 
C C ~ A ~ ~ P T  ( SPT: 26) .- This mixture of phenol-formaldehyde resin (P-1) 
and acrylonitrile-acrylamide copolymer (C-2) was formulated to provide 
2 hydroxyl groups from the phenol resin, for each amino group in the 
copolymer. Thermal resistance in either aluminum or stainless steel 
bonds was generally lower than for either resin separately as in series 3 
and 16, which would indicate that there was probably no crosslinkage 
occurring between the two resins, and the low thermal resistance of the 
copolymer of series 3 had an adverse effect on the performance of the 
phenol resin of series 16, even in the bonds of aluminum. 

Mixture of phenol-formaldehyde resin and ethylacrylate-methacrylmi.de 
copolymer (ser. 27) . -  The two resins, phenol-formaldehyde (P-1) and 
ethylacrylate-methacrylami.de copolymer ( C - 3 ) ,  were combined in order to 
give approximately one potentially reactive hydrovl group from the phenol 
resin, of series 16, for each amino group in the copolymer. 
this mixture contained only 10 percent of phenol resin, the strength of 
aluminum and stainless steel bonds both before aging and after 100 hours 
at 450° and 500' F was much higher than the strength of bonds obtained 
with the copolymer alone as in series 4. 
lost nearly all their strength. 

Although 

Bonds aged at 550° and 600° F 

Nixture of phenol-formaldehyde resin and ethylac late-maleic 
anhydride copolymer ( ser . 28). - The resins, phenol-fo--l) 
and ethylacrylate-maleic anhydride copolymer ( C - 4 )  , were combined to 
provide approximately two hydroxyl groups of the phenol resin for each 
anhydride group of the copolymer. The strength of bonds without aging 
at the elevated temperature was ixproved over that obtained with the 
copolymer alone as in series 6. 
low, however, even in bonds of aluminum. This indicated that there was 
probably no reaction between the anhydride of the copolymer and the 
hydroxyl groups of the phenol resin, which might be expected to form a 
more thermally stable chemical bond. 

Resistance to thermal deterioration was 

Mixture of phenol-formaldehyde resin and ethylacrylate-acrylonitrile 
copolymer (ser. 29).- Equal parts by weight of phenol-formaldehyde resin 
(P-1) and ethylacrylate-acrylonitrile copolymer ( C - 8 )  were arbitrarily 
used in this formulation because the ester and nitrile side groups were 
assumed to be unreactive with the phenol resin. 
tests showed that this combination of resins was low in resistance to 
thermal deterioration even at 450' F and that the thermal resistance was 
quite similar to that observed with the copolymer alone as in series 10. 

The results of bond 

IJixture of phenol-formaldehyde resin and acrylonitrile-butadiene 
copolymer (ser. 30 and 3l).- Adhesives, based on combinations of certain 
phenol resins with nitrile rubbers, have previously shown fairly good 
resistance to thermal deterioration in aluminum bonds at 450° F (ref. 4). 
In the present work, the phenol resin P-1 and the buna-N rubber copolymers 



16 

( C - 1 0  and C-11) were used i n  equal amounts by weight so t h a t  approximately 
one hydroxyl group would be avai lable  from t h e  phenol r e s i n  f o r  each 
unsaturated double bond i n  the  copolymer. 
s e r i e s  13 and 14, shobed t h a t  these materials had high res i s tance  t o  
thermal deter iorEt ion i n  bonds t o  aluminum and s t a i n l e s s  s t e e l  after 
100 hours at 550 F and the  copolymer with t h e  grea te r  amount of butadiene 
had superior propert ies .  
elastomers, t he  thermal res i s tance  w a s  reduced as shown by lower j o i n t  
strength and increased percentages of char. The decreases i n  res i s tance  
t o  thermal de te r iora t ion  w e r e  pa r t i cu la r ly  evident i n  bonds t o  s t a i n l e s s  
s t e e l  which very l i k e l y  show the  influence of t he  phenol r e s i n  on thermal 
res is tance ( see  ser. 16). 
amount of butadiene w a s  superior t o  t h e  formulatian with C-10 i n  bonds on 
s t a in l e s s  s t e e l  which again indicated t h a t  unsaturated carbon-to-carbon 
bonds i n  polymers a r e  associated with increased res i s tance  t o  thermal 
deter iorat ion.  The r e s u l t s  of tests a l s o  showed no s igni f icant  evidence 
of crosslinkage between t h e  hydroxyl and unsaturated carbon-to-carbon 
bonds of t he  respective res ins .  

Tests on t h e  copolymers alone, 

When the  phenol r e s i n  w a s  combined with t h e  

The formulation employing C-11 with t h e  g rea t e r  

Mixture of phenol-formaldehyde r e s i n  and phenol -n i t r i le  rubber 
adhesive.- Phenol-ni t r i le  rubber adhesive A - l ( s e r .  32), which i s  reported 
t o  be comprised of buna-N rubber and a s m a l l  amount of a phenol res in ,  
had high s t rength i n  bonds t o  s t a i n l e s s  s t e e l  and aluminum. The bonds 
r e s i s t e d  thermal de te r iora t ion  i n  both metals at temperatures up t o  
550° F at which temperature there  were only moderate dropoffs i n  s t rength  
but  marked increases i n  percentages of charred a rea  i n  the  broken bonds. 
The addition of varying amounts of phenol r e s i n  P-1 t o  t h e  rubber adhe- 
s ive  (A-1) i n  series 33, 34, and 35 might be expected t o  r e s u l t  i n  a 
progressive loss of thermal res is tance i n  s t a i n l e s s  s t e e l  bonds as t h e  
phenol res in  component increased. This trend, however, w a s  negl igible  
i n  the  resu l t s  of steel  bonds t e s t ed  after aging a t  550° F f o r  100 hours. 
Combining these res ins ,  instead, appeared t o  have more the  e f f e c t  of 
shielding o r  protect ion of the  phenol r e s i n  against  de te r iora t ion  by the  
buna-N rubber, as shown by t h e  s imi l a r i t y  i n  j o i n t  s t rength  of s t e e l  
bonds a f t e r  aging at 550' F i n  s e r i e s  33, 34, and 35. 
of the  buna-N rubber with phenol r e s i n  therefore  resu l ted  i n  improved 
thermal resistance i n  s t a i n l e s s  steel bonds over t h a t  obtained with phenol 
r e s i n  alone as used i n  s e r i e s  16. Another commercially prepared adhe- 
s ive,  A-2, which i s  a spec ia l ly  formulated composition of buna-N rubber 
and phenol r e s i n  f o r  metal bonding, had very good s t rength  propert ies  
and high resis tance t o  thermal de te r iora t ion  at  temperatures up t o  600° F 
as i n  ser ies  36. 
s t rength  adhesive and thus had both considerably higher i n i t i a l  s t rength,  
and more strength after heat aging, compared t o  those formulations of 
the  laboratory polymer series. 
t h a t  buna-N rubber has a retarding e f f e c t  on the  de te r iora t ion  of t h e  
phenol res in  component. 

The combination 

This commercial adhesive w a s  formulated as a high- 

These r e s u l t s  w e r e  a fu r the r  indicat ion 
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Mixture of phenol-formaldehyde resin and epoxy resins . -  The epoxy 
res ins  (E-2 and E-4)  and phenol-formaldehyde {P-lj r e s i r i  vei-c esccidered 
t o  be poten t ia l ly  react ive w i t h  each othe; through the avai lable  hydroxy 
and epoxy groups of the epoxy r e s in  and the hydroxy and methylol groups 
of the phenol res in .  
res ins  was  adjusted t o  provide approximately one hydroxyl group from the  
phenol r e s in  f o r  each hydroxyl group o f  the epoxy res in ,  and two hydroxyl 
groups from the phenol r e s in  f o r  each epoxy group of the  epoxy res in .  

In  se r i e s  37 and 38 the r a t i o  by weight of the 

I n  the  cod ina t ion  of phenol resin P-1 with epoxy r e s i n  E-4 as i n  
se r i e s  37, the s t rength of bonds t o  aluminum a f t e r  aging w a s  generally 
higher and the  bonds contained a lower percentage of char than bonds of 
the epoxy r e s in  alone of s e r i e s  21. 
w a s  high i n  bonds t o  aluminum even a t  6000 F but  extremely low i n  bonds 
t o  s t a in l e s s  s t e e l  at a temperature o f  500° F. 

Resistance t o  thermal de te r iora t ion  

In  se r i e s  38 where E-2 w a s  combined w i t h  the  phenol r e s in  P-1, t he  
s t rength of aluminum bonds a f t e r  aging of the specimens f o r  100 hours at 
500' F and 600' F w a s  a lso markedly higher than the  s t rength  obtained 
w i t h  epoxy r e s in  alone of s e r i e s  19 and quite  comparable w i t h  r e s u l t s  
f o r  s e r i e s  37. 
when aged at  500' F but were s t i l l  superior i n  s t rength after aging at 
5500 F t o  the combination of res ins  employing epoxy r e s i n  E-4 as i n  
se r i e s  37 and t o  the  bond s t rength obtained with the  phenol r e s in  P-1 
alone i n  se r i e s  16. 

Bonds t o  s t a in l e s s  s t ee l  showed an abrupt l o s s  i n  s t rength  

The r e s u l t s  obtained with FPL 878 ( r e f .  5 ) ,  as used i n  s e r i e s  39, 
were s i m i l a r  t o  t he  r e s u l t s  shown i n  s e r i e s  37 and 38. 
a hea t - res i s tan t  adhesive special ly  formulated f o r  bonding aluminum, i s  
bas ica l ly  a combination of phenol resin P-1 and epoxy r e s i n  E-3 t h a t  w a s  
mixed at  a r a t i o  of 1 2  pa r t s  by weight of phenol r e s i n  t o  2 pa r t s  by 
weight of epoxy res in .  The strength of FPL-878 bonds t o  aluminum after 
a g i c g  100 hours at 550' and 600' F was fa r  superior t o  the  s t rength 
obtained w i t h  E-3 r e s in  alone used in  s e r i e s  20, but bonds of s ta i l i l ess  
s t e e l  were low i n  thermal resistance at 550° and 600° F. 

This FPL 878, 

The improved resis tance t o  thermal de te r iora t ion  at 500' t o  600' F 
i n  bonds t o  aluminum observed with combination of the epoxy and phenol 
res ins  as compared t o  the resistance of epoxy res ins  alone indicated 
t h a t  the  chemical bond formed between res ins  i n  crosslinking w a s  con- 
siderably more thermally s tab le  than bonds formed through intercross-  
l inked epoxy resins .  This could mean t h a t  the  bond formed between an 
epoxy group and a hydroxy group was more s t ab le  than the  bond formed i n  
the reaction of two epoxy groups. 
less steel t o  thermal deter iorat ion again suggested a ca t a ly t i c  e f f e c t  
by t h e  s t e e l .  

The low res i s tance  of bonds of s t a in -  
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Mixture of phenol-formaldehyde resin and polyamide resin (ser. 40 
and 411.- The phenol-formaldehyde resin (P-1) and polyamide resin (PA-1) 
were combined in series 40 to provide one hydroxy group from the phenol 
resins for each amino hydrogen in the polyamide resin. The results of 
bonding with PA-1 resin of series 22 had revealed that this polyamide 
resin had an exceptionally high resistance to thermal deterioration in 
bonds to aluminum and stainless steel. The combination with phenol resin, 
however, was lower in strength than the straight polyamide but still 
showed high thermal resistance in bonds to aluminum as reflected by the 
low percentages of charred area in the bonds. 
steel were low in thermal resistance and in this respect were similar to 
bonds made with phenol resin P-1 as in series 16. 
an excess of phenol resin, P-1, as in series 41 had similar properties 
(table 1). 
markedly in their performance from that of the acrylonitrile-butadiene 
copolymer adhesives A-1 and A-2 in series 32 to 36 that appeared to have 
a shielding or protecting effect on deterioration of the phenol resin in 
bonds of stainless steel. 

The bonds to stainless 

A formulation employing 

In combination with phenol resin, the polyamides differed 

The polyamides conceivably polymerize further during heat aging with 
the formation of N-substituted amide groups by the reaction of carboxyl 
with primary or secondary amine groups without loss in heat resistance. 
The potential reaction of phenol resin with polyamide resins, however, 
to form tertiary-substituted nitrogen groups through the reaction of 
hydroxyl groups from the phenol resin with the primary and secondary 
amino groups of the polyamide presumably resulted in a crosslink of lower 
thermal stability than the amide link. 

Mixture of epoxy resin and polyacrylamide resin (ser. 42) .- Epoxy 
(E-2) and polyacrylamide (PAA-1) resins were combined to investigate the 
effects of potential crosslinking reactions of the amide group and the 
epoxy groups of the resins at a ratio of approximately one epoxy group 
for each amino hydrogen. Joint strength of the combination was higher 
after aging of the specimens than when the polyacrylamide was used alone 
as an adhesive as in series 2 but was considerably lower than for the 
epoxy resin of series 19. The increased strength as compared to that of 
the polyacrylamide alone was very likely due to the high proportion of 
epoxy resin in the formulation. There was no evidence of extensive 
crosslinking between the two resins. 

Mixture of epoxy resin and ethylacrylate-methacrylamide copolymer 
(ser. 43).- The copolymer ( C - 3 )  of ethylacrylate and methacrylami.de was 
combined with the epoxy resin (E-2) for the same reasons as in series 42, 
that of reacting epoxy groups with amide groups. This combination, how- 
ever, employed a more desirable solvent system of methyl ethyl ketone 
and toluene which would be less reactive with the chemical groups in the 
resins than the water and alcohol system found to be necessary with the 
polyacrylamide-epoxy system of series 42. The results of tests showed 
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t h a t  b o t h  ' u u d s  ts d - ~ k x . ~  and s+.a.inless s t e e l  were low i n  res i s tance  
t o  thermal deter iorat ion.  On the basis of r e s u l t s  obtained i n  t h i s  
s e r i e s  and i n  s e r i e s  44, it may a l s o  be concluded t h a t  t he  low thermal 
i n s t a b i l i t y  of t h i s  adhesive composition w a s  probably not due t o  the  
breakdown of the ethylacrylate component but t o  the de te r iora t ion  of 
the methacrylamide component of the copolymer. 

Mixture of epoxy r e s in  and ethylacrylate-maleic anhydride copolymer 

(anhydride copolymer (C-4) res ins  was investigated t o  study the e f f e c t  of 
the possible crosslinkage of the epoxy r e s in  and t h i s  copolymer such as 
through the poten t ia l  reaction of anhydride groups with epoxy groups, 
t o  form e s t e r  linkages between polymers. 
s tab le ,  high-strength adhesive bond which r e s i s t ed  heating f o r  100 hours 
at 550° F on both aluminum and s ta inless  s t ee l .  
f o r  100 hours a t  600' F, however, resulted i n  almost complete deter iora-  
t i o n  of the bonds, par t icu lar ly  on s tee l .  The r e s u l t s  of these tests 
indicated tha t ,  when combined with the epoxy resin,  the  ethylacrylate  
component of the copolymer was not deteriorated a t  temperatures up t o  
5500 F. Bond s t rength w a s  higher and percentages of char were lower i n  
bonds t o  s t a in l e s s  s t e e l  than t o  aluminum aged up t o  350° F, indicat ing 
a thermal s t a b i l i t y  e f f ec t  of the ester  linkages toward s t a in l e s s  steel 
surfaces.  When t h i s  copolymer w a s  combined w i t h  phenol r e s in  as i n  
se r i e s  28 o r  used alone as  the bonding agent as i n  s e r i e s  6, bonds showed 
e f f e c t s  of ,thermal deter iorat ion a f te r  exposure t o  450' F. These r e s u l t s  
would suggest that the  maleic anhydride component i t s e l f  had low thermal 
res is tance and t h a t  e s t e r  linkages t o  the  phenol res in ,  i f  formed, were 
also low i n  resis tance t o  thernal  deterioration. 

s e r .  44 ).- This combination of epoxy (E-2)  and ethylacrylate-maleic 

The r e su l t  w a s  an exceptionally 

Aging of the specimens 

Mixture of epoxy r e s in  and ethylacrylate-acrylonitrile copolymer 
I s e r .  45). - The combination of epoxy r e s in  (E-2)  and the  copolymer (C-7 )  
of e thylacrylate  and acry loni t r i le  w a s  used t o  evaluate the possible 
crosslinking reaction between n i t r i l e  and epoxy groups. Results of t e s t s  
indicated t h a t  there  possibly was a reaction between the  res ins  since 
the i n i t i a l  strength of bonds and strength a f t e r  heat aging, on s t e e l ,  
were higher than the strength of bonds obtained with polymers used 
individually as adhesives as i n  ser ies  9 and 19. The crosslinking 
reaction may involve n i t r i l e  groups t h a t  rearrange at  temperatures 
above 200° C ( r e f .  6 )  t o  form imino groups which could then reac t  with 
the epoxy group. There was no evidence, however, of a react ion between 
n i t r i l e  groups and hydroxyl groups when the  copolymer w a s  combined with 
phenol r e s in  i n  se r i e s  29. 

Mixture of epoxy res in  and acrylonitrile-butadiene copolyner 
( se r .  46) .- This combination of epoxy r e s in  (E-2)  and ac ry lon i t r i l e -  
butadiene copolymer (C-11) was investigated f o r  e f f ec t s  of a possible 
react ion between epoxy and hydroxy groups w i t h  n i t r i l e  and unsaturated 
double bonds. The r e su l t s  were not promising. The thermal res is tance 
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as indicated by the percentage of charred area w a s  qui te  similar t o  the 
'behavior observed i n  the epoxy r e s i n  used alone as the  bonding agent as 
i n  ser ies  19. Results a f t e r  heat aging were considerably poorer, 
par t icu lar ly  on s t e e l ,  than with the  acrylonitri le-butadiene copolymer 
alone used f o r  s e r i e s  14. 

bIixture of epoxy r e s i n  and polyamide r e s i n  (ser. 47 and 48). - The 
formulations employing polyamide PA-1 with e i t h e r  epoxy r e s i n  E-2 o r  E-4, 
w e r e  high i n  s t rength and resis tance t o  thermal deter iorat ion i n  bonds on 
both aluminum and s t a i n l e s s  s t e e l  a t  temperatures up t o  550' F. Bonds 
a f t e r  aging a t  600° F, however, were low i n  s t rength and showed a high 
degree of thermal deter iorat ion.  A t  a temperature of 550° F, bonds showed 
some increase i n  the  percentage of bond area with char, par t icu lar ly  i n  1 
bonds of aluminum which, with b e t t e r  j o i n t  strength,  indicated t h a t  the 4 
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thermal res is tance of these r e s ins  w a s  g rea te r  i n  bonds of s t a i n l e s s  
s t e e l .  
used alone as adhesives had low strength after aging a t  550' F, but  the 
combinations of these epoxy and polyamide r e s ins  were much improved i n  
s t rength and resis tance t o  thermal deter iorat ion a t  530' F. 
would indicate t h a t  crosslinking of the two r e s ins  through react ion of 
t he  amino hydrogen of the amide group o r  end carboxyl groups with the 
epoxy groups formed a more thermally s t ab le  bond than when the epoxy 
groups react with themselves. The presence of carboxyl groups i n  the  
polyamide r e s in ,  which a re  a l s o  poten t ia l ly  react ive with the epoxy res in  
t o  form e s t e r  crosslinkages, could very l i k e l y  account f o r  the increase 
i n  thermal res is tance as w a s  observed when anhydride and epoxy groups 
w e r e  combined i n  s e r i e s  44. Amide o r  carboxyl groups i n  the  polyamide 
chain formed a more s t ab le  combination with epoxy r e s i n  than when the 
amide groups were present as s ide groups i n  polyacrylamide and reacted 
with epoxy r e s i n  i n  s e r i e s  42. 
are more s t ab le  than amino crosslinkages. When polyamide r e s ins  were com- 
bined with phenol r e s i n s  i n  s e r i e s  40 and 41, t he  adhesive bonds t o  s t a in -  
less s t e e l  were very low i n  resis tance t o  thermal de te r iora t ion  a t  550° F, 
which r e f l e c t s  a very marked difference i n  the  react ion of polyamide 
r e s i n  with t h e  phenol r e s ins  and t h a t  obtained with t h e  epoxy r e s in .  

The epoxy resins ,  E-2 i n  s e r i e s  19 and E-4 i n  series 21, when 

These r e s u l t s  

This would suggest t h a t  ester crosslinkages 

Mixture of polyamide r e s i n  and a l l y l  glycidyl e ther  (ser. 49).- 
The polyamide r e s i n  (PA-1) w a s  a l s o  mixed with the a l l y l  glycidyl e ther .  
It i s  possible t h a t  such a l l y l  glycidyl e ther  groups could f i rs t  react  
with e i the r  carboxyl o r  amino groups of t he  polyamide t o  form s ide  chains 
s t i l l  retaining act ive double bonds of carbon-to-carbon. These unsatu- 
ra ted  side chain groups could then provide a means of crosslinking through 
addi t ional  polymerization with other a l l y l  groups o r  could provide a 
chemical bond t o  the s t a i n l e s s  steel  surface as w a s  postulated i n  s tudies  
on formulations of butadiene copolymers i n  series 13 and 14. The r e s u l t s  
of tests,  however, showed no improvement i n  j o i n t  s t rength o r  thermal 
res is tance over t h a t  obtained with the  polyamide PA-1 r e s i n  alone i n  
s e r i e s  22. 
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Mixture of polyamide r e s in  and a l l y l  glycidyl e ther  and butadiene 
copolymer < sei-. 7 2 )  . - This fam_lll 
e ther ,  and butadiene copolymer showed the  e f f ec t  of adding butadiene- 
ac ry lon i t r i l e  copolymer (C-ll), as used i n  s e r i e s  14, t o  the adhesive 
composition studied i n  se r i e s  49 that  contained equal pa r t s  of polyamide 
PA-1 and a l l y l  glycidyl ether.  It  was thought t h a t  i n  t h i s  composition 
the a l l y l  glycidyl e ther  could possibly serve as a crosslinking agent 
between the polyamide and unsaturated copolymer, such as  with the epoxy 
group reacting with the amide or  carboxyl groups, and the  a l l y l  group 
uni t ing with the  unsaturated double bond of the  butadiene. The r e s u l t s  
of t e s t s  were promising, par t icular ly  i n  bonds t o  s t a in l e s s  s t e e l  where 
high resis tance t o  thermal deterioration w a s  obtained a t  temperatures 
of 330° and 600° F. 
which suggests t h a t  the copolymer was more s t ab le  i n  bonds on s t e e l  than 
aluminum, a condition t h a t  w a s  a l s o  indicated from the r e s u l t s  obtained 
with unsaturated copolymer alone as the bonding agent i n  se r i e s  14. 

on of Dolyamide (PA-1) , a l l y l  glycidyl  

Thermal resistance was  lower i n  bonds on aluminum 

Mixture of polyamide resin,  d i a l ly l  melamine, and paraformaldehyde 
( se r .  511.- In  t h i s  adhesive composition of polyamide (PA-l), d i a l l y l  
melamine, and paraformaldehyde, the paraformaldehyde w a s  included i n  an 
attempt t o  produce methylol groups on the  melamine t h a t  would be react ive 
w i t h  the  amino hydrogens of the amide groups. 
groups could crossl ink with each other or  be f r e e  t o  form a strong bond 
t o  the s t e e l  surface.  
composition w a s  one of the  few r e s i n  systems studied t h a t  had high i n i t i a l  
s t rength and a l so  good thermal resistance i n  bonds t o  aluminum and s ta in-  
less s t e e l  at  6000 F. The r e su l t s  also revealed a marked difference i n  
the thermal res is tance obtained when polyamide res ins  were reacted w i t h  
a melamine-formaldehyde r e s in  as  cmpared with a phenol-formaldehyde 
r e s in  as i n  s e r i e s  40 and 41. 

In  addition, the  a l l y l  

The r e su l t s  were pa r t i cu la r ly  promising, as the  

Mixture of polyamide res in  and melamine r e s in  (ser. 52) . -  Further 
research on the polyamide-melamine formulations w i t h  a composition of 
polyamide PA-1 and a conventional melmine-formaldehyde resin,  M-1,  d id  
not y i e ld  as promising r e su l t s  as the formulation i n  se r i e s  51 with d i a l l y l  
melamine. Results of tests were variable, which might have been due t o  
the incompatability of the  two resins.  
w a s  obtained a f t e r  aging the specimens at 550° F, which indicates  t h a t  
fur ther  study of the  polyamide-melamine systems would be worthwhile. 

High j o i n t  strength, however, 

Mixture of melamine res in  and polyvinyl alcohol ( se r .  53) .- This 
mixture of melamine ( M - 1 )  and polyvinyl alcohol (WA-1) resins  had low 
strength and showed no resis tance to  thermal deter iorat ion i n  bonds t o  
s t a in l e s s  s t e e l .  The bond strength on aluminum j o i n t s  was higher than 
was obtained with e i t h e r  res in  used alone but  was qui te  i n fe r io r  t o  other 
more promising r e s in  systems. The res ins  were combined t o  invest igate  
the thermal charac te r i s t ics  of crosslinks between methylol groups of t he  
melamine and hydroxyl groups of the polyvinyl alcohol. 
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Mixture of melamine resin and polyacrylamide (ser. 54).- This bonding 
formulation of melamine resin (M-1) and polyacrylamide (PAA-1) was made 
to investigate the thermal properties of crosslinks formed through methyl01 
and amine groups. Results of tests showed a low order of strength to both 
metals and a low resistance to thermal deterioration. 

Mixture of ethylacrylate-maleic anhy dride copolymer and acrylonitrile- 
acrylamide copolymer (ser. 55) .- The formulation of ethylacrylate-maleic 
anhydride ( C - 4 )  and acrylonitrile-acrylamide ( C - 2 )  copolymer resins was 
investigated because of the potential crosslinkage through the anhydride 
and amine groups. Because of the high thermal properties of the polyamide 
PA-1 it was expected that this resin blend of copolymers could conceivably 
have high thermal resistance due to the formation of amide crosslinks. 
A comparison of the results obtained with each copolymer used alone as 
an adhesive, as in series 3 and 6, showed that an increase in strength 
and thermal resistance after aging the bonded specimens at 450° F was 
obtained by employing the two copolymers in a blend, but on the specimens 
aging at 500° F and higher there were no such advantages of the mixture. 

Mixture of ethylacrylate-acrolein copolymer and ethylacrylate- 
methacrylamide copolymer (ser. 56) .- The formulation of ethylacrylate- 
acrolein ( C - 5 )  and ethylacrylate-methacrylmide ( C - 3 )  copolymers was 
investigated to study the possible effect of crosslinkage of the aldehyde 
and amino groups on strength and thermal resistance. These groups could 
conceivably form a substituted amide crosslink that, based on the knowledge 
of the performance of the polyamide PA-1 (series 2 2 ) ,  would result in 
improved thermal properties. 
improved strength and thermal resistance in bonds to aluminum over that 
obtained with individual copolymers as in series 4 and 7 but still of a 
low order, particularly on stainless steel. 

The result was an adhesive bond that had 

CONCLUSIONS 

This investigation has provided further evidence of specific effects 
of metal surfaces accelerating the deterioration of adhesive bonds on 
aging for 100 hours at elevated temperatures, and a lso  has provided an 
interesting correlation of polymer structure with temperature and with 
the nature of metal surfaces employed in the bond. Several different 
resins of varying chemical composition were found that possessed high 
resistance to thermal deterioration in bonds on both aluminum and stain- 
less steel. These resins suggest promising approaches to the problem of 
developing an adhesive with improved heat-resistant properties in bonds 
to stainless steel. The major findings of research on heat aging may be 
summarized as follows: 
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(1) The phenol-formaldehyde resin had high thermal resistance in 
bo~lciti uI1 ,&&ii-a 2% 600° F tmt. had deteriorated significantly in bonds 
on stainless steel at 470° F. 

(2) Polyamide resins deteriorated significantly in bonds on stain- 
less steel at 600' F but to a much less degree in bonds on aluminum. 

( 3 )  Epoxy resins (bisphenol type) deteriorated at 550° F in bonds 
on aluminum and stainless steel with evidence of much more deteriora- 
tion in steel than in aluminum bonds at 500° F. 

(4) Epoxy resin (tetraphenyl-ethane type) deteriorated at 550° F 
in bonds to stainless steel but had relatively high resistance at 600' F 
in aluminum bonds and was definitely superior to the bisphenol-type 
res ins. 

( 5 )  Polybutadiene-acrylonitrile copolymers appeared to have higher 
resistance to thermal deterioration in bonds to stainless steel than in 
bonds to aluminum at 550° to 600° F. 
improved as the amount of butadiene in the copolymer increased. 

Thermal resistance of these copolymers 

(6) A series of other vinyl copolymers with varying side groups con- 
sisting of ethyl chloride, ethyl esters, nitrile, amide, anhydride, and 
aldehyde groups were low in bond strength and appeared to be quite similar 
in thermal resistance in both bonds to aluminum and stainless steel. 

(7) In bonds of stainless steel where the single polymer systems 
were used as adhesives, the butadiene-acrylonitrile copolymer and the 
polyamide resins had the greatest resistance to thermal deterioration 
at 550° and 600' F. All other polymer materials examined had little or 
no strength in stainless steel after aging at these temperatures. 
results revealed that polymers with unsaturated carbon-to-cazbon and 
amide groups in the polymer chain had the greatest thermal stability in 
bonds to stainless steel. 

These 

(8) In bonds to stainless steel the phenol-formaldehyde resins and 
epoxy resins were almost completely deteriorated at 550° and 600' F, 
indiceting that the stainless steel surfaces accelerated deterioration 
of these resins. 

(9) Combinations of phenol-formaldehyde resin with butadiene copoly- 
mers, particularly those mixtures with a relatively high proportion of 
the butadiene copolymer, had high resistance to aging for 100 hours at 
550° F in bonds to stainless steel and to aluminum. 
of this type, A-2, was quite resistant to aging at 600' F. 

A commercial adhesive 

(10) Combinations of phenol-formaldehyde resin with bisphenol-type 
epoxy resins were high in resistance to thermal deterioration at 6000 F 
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i n  bonds t o  aluminmi but, were only r e s i s t a n t  t o  500' F i n  bonds t o  s t a in -  
l e s s  s t ee l .  The improvement i n  thermal res is tance of t h i s  combj-nation 
of resins over the epoxy r e s i n  alone at 600' F i n  bonds on aluminum indi-  
cated a possible crosslinking of the 2 r e s ins  t h a t  resu l ted  i n  j_l:proved 
thermal s t a b i l i t y .  The low thermal res is tance i n  bonds t o  s t a i n l e s s  s t e e l  
of t he  corr,bined phenol and epoxy r e s ins  again indicated a spec i f ic  adverse 
e f f e c t  of the s t a i n l e s s  s t e e l  on these arocatic-type r e s ins .  

(11) Combinations of phenol-formaldehyde r e s i n  with polyamide r e s i n  
showed rather marked deter iorat ion i n  bonds t o  s t a i n l e s s  s t e e l  at  500' F 
and above, but these combinations were qui te  s t ab le  i n  bonds t o  aluminun. W 
A decrease i n  the  thermal res is tance i n  bonds t o  s t a i n l e s s  s t e e l  made 1 
with the coribined resins ,  below t h a t  observed i n  bonds with the  s t r a i g h t  1 
polymide res in ,  indicated t h a t  the phenol r e s i n  may have contributed t o  4 
t h e  deterioration of the combination and t h a t  t h e  polyamide w a s  probably 
not forming a t h e m a l l y  s t ab le  bond t o  the  react ive components of the 
s t e e l  surface. 

(12 )  A corsparison of t he  r e s u l t s  of combining phenol r e s i n  with 
butadiene copolymer, epoxy res in ,  o r  polyamide r e s i n  suggested t h a t  t he  
high themal  res is tance of t h e  phenol-butadiene adhesives could possibly 
be due t o  t he  butadiene react ing with the  metal surface t o  f o m  a thermally 
s t a b l e  cetallo-organic type of compound. This t h e r m l l y  s t a b l e  conpound 
thus could have deactivated t h e  m e t a l  component causing de ter iora t ion  
and thus account f o r  the improved thermal res is tance of t he  phenol r e s i n  
component. 

(13) A formulation composed of epoxy r e s i n  and ethylacrylate-maleic 
anhydride copolyner, although each r e s i n  by i tself  had extremely low 
resistance t o  aging at  550° F, had exceedingly high thermal res is tance 
a t  t h i s  temperature, par t icu lar ly  i n  bonds t o  s t a i n l e s s  s t e e l .  These 
r e s u l t s  suggest t h a t  t h e  e s t e r  crosslink, presumably formed between the 
epoxy and anhydride group of t h e  resins ,  w a s  a highly s t ab le  group and 
r e s i s t e d  the spec i f i c  accelerated deter iorat ion e f f e c t s  of t he  s t a i n l e s s  
steel  surface, and thus improved the overal l  thermal res is tance of both 
polyner chains. This combination of res ins ,  however, w a s  alrrost com- 
p l e t e l y  deteriorated a t  600° F. 

(14 )  Coxbinations of epoxy r e s in  with polyamide r e s ins  were s i m i l a y  
t o  t he  epoxyanhydride copolp.er combination. High thermal res is tance 
w a s  obtained i n  bonds t o  s t a i n l e s s  steel  a t  550° F with considerably 
lower levels of perfonance i n  aluminum bonds. Aging a t  600' F caused 
alxost  col;?plete deter iorat ion of t he  bonds. These results indicated 
tha t  t he  epoxy r e s i n  w a s  possibly f o x i n g  s t ab le  ester crosslinks with 
the  carboxyl end groups of t he  polym-ide r e s in .  
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(15) When epoxy resins were combined with a vinyl copolymer containing 
amlde side groups, $lie i - e S I S t z C C  to tkml 2eteri~rsti~z vns low; indi- 
cating that probably such amine crosslinkages, if formed, were not heat 
stable. 

( 16) A combination of polyamide resin, butadiene-acrylonitrile 
copolymer, and allyl glycidyl ether was quite outstanding in thermal 
resistance at 600' F in bonds to stainless steel and to a lesser degree 
to aluminum. These results indicated again the high thermal resistance 
possible when unsaturated double bonds, amide chains, and ester cross- 
linkages were likely to be present. 

(17) A combination of polyamide resin with diallyl melamine and 
paraformaldehyde was another outstanding formulation with high resistance 
to thermal deterioration at 600' F in bonds to stainless steel and to 
aluminum. The composition of this formula suggested that crosslinkages 
occurred between the polyamide and melamine with f'urther possibility of 
crosslinkages through the allyl groups. 

Forest Products Laboratory, 
Madison, Wis., July 2, 1958. 
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Figure 1.- Shear s t rength of bonds t o  aluminum made with various epoxy 
r e s ins  and t e s t ed  at  80° F a f t e r  aging 100 hours at  s e v e r d  d i f f e ren t  
temperatures. 
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Figure 2.- Shear strength of bonds t o  s ta in less  s t e e l  made with various 
epoxy res ins  and tes ted  at room temperature a f t e r  aging 100 hours at  
several di f fe ren t  temperatures. 
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